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Available online 4 November 2014AbstractMicrostructures and mechanical properties of extruded Mge2SnexYb (x ¼ 0, 0.1, 0.5 at.%) sheets were investigated. The grain size of as-
cast Mge2Sn alloy is significantly reduced with increasing Yb concentration. In addition to a-Mg and Mg2Sn phase, some fine Mg2(Sn,Yb)
particles are observed in as-cast Mge2Sne0.5Yb alloy, but these fine particles are not observed in as-cast Mge2Sne0.1Yb alloy due to a high
solubility of Yb in Mg matrix. Tensile tests demonstrated that extruded Mge2Sne0.5Yb sheet exhibited the highest tensile strength and
available elongation to failure at room temperature, while extruded Mge2Sne0.1Yb alloy exhibited the highest tensile properties at 100 C and
200 C. The difference in the tensile properties of extruded sheets mainly arises from the different strengthening roles of grain refinement, solid
solution strengthening and precipitation strengthening of particles.
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Magnesium alloys, with a good combination of low density
and high specific strength, have been attracted much attention
as important structure materials. Some commercial Mg alloys
have been widely applied to automobile industries, such as
AZ91 alloy and AM60 alloy. However, these alloys exhibit
poor mechanical properties at elevated temperatures due to the
precipitation of b-Mg17Al12 phase at the grain boundaries and
interdendritic regions [1e3]. Recently, MgeSn based alloys
have been considered as the potential heat resistant Mg alloys,
because Sn has a high solubility in Mg at eutectic temperature
and the precipitable Mg2Sn phase has a higher melting point* Corresponding author. Tel./fax: þ86 431 85095876.
E-mail address: jiangzhonghaovip@163.com (Z. Jiang).
Peer review under responsibility of National Engineering Research Center for
Magnesium Alloys of China, Chongqing University.
http://dx.doi.org/10.1016/j.jma.2014.09.004.
2213-9567/Copyright 2014, National Engineering Research Center for Magnesium Alloys of China, Cho[4e9]. However, the thermal stability of the phase is not
desirable in the T6 heat treatment condition [10].
Previous investigations have indicated that the addition of
rare earth (RE) elements could significantly enhance the
elevated temperature strength of MgeSn based alloys by grain
refinement and precipitation strengthening [11e15]. Yang
et al. [12,13] reported that the additions of Y, Gd and Ce could
improve the tensile strength and creep-resistant properties of
as-cast MgeSneCa alloys by refining the primary CaMgSn
phase and decreasing its volume fraction. The addition of La
and Di could also enhance the creep resistant behavior of
MgeSn alloys due to the formation of fine Mg-La phase and
Mg-Di phase with a good thermal stability [14,15]. In addi-
tion, the thermal mechanical process, such as extrusion and
rolling, can be used to improve the mechanical properties of
MgeSn-based alloys by producing fine grain structure and
dispersive particles [11,16,17]. Cheng et al. [16] pointed out
that the indirect extrusion process could significantly refine the
grains and make the Mg2Sn phase finer and dispersive in Mg-ngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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compressive strengths. Lim et al. [17] demonstrated that Mg-
MM(CeeLaeNdePr)eSneAleZn sheets fabricated by
cross-rolling method had a good combination of strength and
elongation to failure compared with the conventionally rolled
one. As mentioned above, the combination of the addition RE
elements and thermal mechanical process is an effective
method to improve mechanical properties of MgeSn based
alloys, especially at high temperature. At present, the micro-
structure and tensile properties of extruded MgeSnexY
(x ¼ 1.5, 3.0, 3.5 at.%) alloys have been investigated by Zhao
et al. [18]. However, the investigations on the effect of Yb
addition on microstructures and mechanical properties of
extruded MgeSneYb sheets have not reported until now.
It is well known that Yb, as a rare earth element, has a large
solubility in Mg matrix at eutectic temperature. The solubility
greatly decreases with decreasing temperature, and the Mg2Yb
phase with a high melting point also precipitates in a-Mg
matrix during solidification. So Yb could act as a desired
alloying element to enhance the heat resistant of Mg alloys by
solution strengthening and precipitation strengthening.
Considering the special role of Yb and Sn elements, in this
paper, extruded Mge2SnexYb (x ¼ 0, 0.1, 0.5 at.%) sheets
were prepared. The corresponding microstructures and tensile
properties of sheets at both room and elevated temperature
were investigated.
2. Experimental procedures
The Mge2Sn alloy (alloy I), Mge2Sne0.1Yb alloy (alloy
II) and Mge2Sne0.5Yb alloy (alloy III) (at.%) were prepared
from pure magnesium (99.50 wt.%), pure tin (99.98 wt.%) and
Mg-20 wt.% Yb master alloys, which were melted in an iron
crucible under the protection of antioxidant flux. The alloy
melt was stirred to ensure its homogeneity and held at about
720 C for about 30 min, then was transferred into a semi-
continuous casting machine at about 650 C and finally cast
into a billet of 90 mm in diameter and 500 mm in length. The
billet was machined into a diameter of 82 mm then extruded
into the sheet with a thickness of 5 mm and a width of 80 mm
by an extrusion ratio of 17 at 360 C.
The microstructures of three alloys were characterized by
scanning electron microscopy (SEM) with energy dispersion
spectrometry (EDS) (JSM-5600) and transmission electronic
microscopy (TEM) (JEM-2100F). The phase compositions of
three alloys were analyzed by X-ray diffraction (XRD) (D/
max-2500PC). Specimens for the scanning electron micro-
scopy observation were ground by using the different sand
papers and polished, then etched in a solution with a solution
of 30 ml acetic acid þ 15 ml water þ 6 g picric acid þ 100 ml
ethanol. Thin foils for transmission electronic microscopy
observation were ground artificially to a disk with a diameter
of 3 mm, a thickness of about 20 mm and then further thinned
by ion-beaming on the Ion Polishing System (RES101). The
average grain size was measured by the linear intercept
method. The volume fraction of second phase is obtained by
image analysis. Tensile tests were conducted on an Instron-type tensile testing machine (Instron 1211) under an initial
strain rate of 1  103 s1 at room temperature (RT), 100 C
and 200 C, respectively. The gauge size of the tensile spec-
imens is 15.0 mm  3.0 mm  2.5 mm. Before tensile tests at
elevated temperatures, tensile specimens were hold for 6 min
to make temperature uniform. The fractured surfaces of the
tensile specimens were examined by scanning electron
microscopy.
3. Results and discussion3.1. Microstructures of as-cast alloysFig. 1 shows the SEM images of as-cast alloys. Micro-
structure of alloy I primarily contains a-Mg and some
discontinuous second phases. The second phases mainly
distribute at the grain boundaries (Fig. 1(a)). It can be seen
from the magnified SEM image in Fig. 1(b) that the second
phase is composed of eutectic phase (marked by A) and
devoice phase (marked by B). In addition, the eutectic phase
displays a typical dendrite configuration. According to the
previous reports [19,20], the eutectic phase is identified as the
a-Mg and Mg2Sn phase, and the devoice phase is regarded as a
Mg2Sn phase. These phases are also observed in alloy II and
alloy III, as shown in Fig. 1(d) and (f). It is noted that some
fine particles precipitate in alloy III (marked by C in Fig. 1(f)),
but these are not observed in alloy I and alloy II. The EDS
analysis results in Table 1 indicate that these particles are
MgeSneYb phase. The addition of Yb obviously refines the
grain size of alloys, reduces the second dendrite arm spacing
(SDAS) of eutectic phase and significantly increases the vol-
ume fraction of the second phases as shown in Fig. 1(a), (c)
and (e). Fig. 2 shows the XRD patterns of as-cast alloys. The
diffraction peak of a-Mg and Mg2Sn phase can be indexed in
three alloys, while that of MgeSneYb phase is not observed
in alloy III due to low Yb content. Furthermore, it is found that
the diffraction peak intensities of (111), (220) and (311)
crystal planes of Mg2Sn phase in alloy III are higher than that
in other alloys (Fig. 2). This indicates that alloy III has the
highest volume fraction of Mg2Sn phases, which is consistent
with microstructure observation results of three alloys (Fig. 1).
In addition, the grain size of as-cast alloys significantly de-
creases from 98 mm of alloy I, 67 mm of alloy II to 50 mm of
alloy III with Yb addition.
The grain refinement and microstructure change of as-cast
alloys are related to the Yb addition. Firstly, during solidifi-
cation Yb aggregated at the solid/liquid interface, resulting in
the composition super-cooling in the diffusion layer ahead the
solid/liquid interface. The diffusion rate of Yb atoms is
reduced and the grain growth is restricted. This grain refine-
ment role of RE in Mg alloys was also reported in previous
literature [21,22]. Secondly, the composition super-cooling is a
major driving force for the activation of potential nuclei [23].
The grain size of the alloys is refined partially due to the
increased number of newly nuclei and the limited growth rate
of nucleated grains under the same solidification condition.
Furthermore, the Yb addition also hinders the diffusion of Sn
Fig. 1. SEM micrographs of as-cast alloy І (a) and (b), as-cast alloy ІІ (c) and (d), and as-cast alloy ІІІ (e) and (f), the low-magnification images are (a), (c) and (e),
and the high-magnification images are (b), (d) and (f), respectively.
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Mg2Sn phases (Fig. 1(f)).3.2. Microstructures of extruded alloysFig. 3 displays the SEM images of extruded alloys. A large
number of fine and dispersive Mg2Sn particles are observed in
the specimens of three extruded alloys. The typical
MgeSneYb particle appears in extruded alloy III and its di-
mensions are about 1.7 mm in length and 0.6 mm in thicknessTable 1
EDS results of the precipitates in Fig. 1(f) of as-cast alloy ІІІ.
Element C D
Weight (%) Atomic (%) Weight (%) Atomic (%)
Mg 60.62 (±0.85) 89.11 (±1.24) 90.21 (±0.83) 97.83 (±0.90)
Sn 29.2 (±1.09) 8.79 (±0.33) 9.79 (±1.72) 2.17 (±0.38)
Yb 10.18 (±1.50) 2.10 (±0.31)
Total 100 100 100 100
Fig. 2. XRD patterns of as-cast alloy І (a), as-cast alloy ІІ (b) and as-cast alloy
ІІІ (c).
Fig. 3. SEM micrographs of extruded alloy І (a), extruded alloy ІІ (b) and extruded alloy ІІІ (c), and the high-magnification image of the spot-shaped particle (d) in
image (c).
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observed in the later TEM observation. These particles origi-
nate from the crushed coarse second phases in as-cast state
alloys and are distributed throughout the matrix. In addtion,
the volume fraction of the Mg2Sn particle in extruded alloy I,
alloy II and alloy III is 10.89%, 11.01% and 11.42%,
respectively. It can be seen that the volume fraction of the
Mg2Sn particle slightly increases with Yb addtion, because the
solubility of Sn in Mg matrix decreases caused by the
replacement of Sn by Yb. In addition, during extrusion the
Mg2Sn particle appears two kinds of morphology, one is a rod
shape and another is a spot shape. By the careful observation
for Mg2Sn particle, it is found that the phase is composed of aFig. 4. TEM micrograph of extruded alloy ІІІ (a) and the selected aregreat number of nanometer-size Mg2Sn particles as shown in
Fig. 3(d). The similar structure of the phase is also observed in
other MgeSn base alloys [16,19]. Furthermore, the grain size
of extruded alloys is significantly refined due to the occurrence
of dynamic recrystallization. The average gain size of
extruded alloys is about 4.5 mm, 2.7 mm and 2.2 mm, respec-
tively. Fig. 4(a) shows a bright-field TEM image of extruded
alloy ІІІ. The selected area diffraction (SAED) pattern of
particle A is shown in Fig. 4(b), in which the direction of
incident beam is parallel to ½220. The SAED result reveals
that the particle A is identified to be Mg2Sn phase that has an
fcc structure with a crystal parameter of a ¼ 6.833 Å [24].
While the SAED pattern taken from particle B in Fig. 4(c)a electron diffraction patterns of particle A (b) and particle B (c).
Fig. 5. Engineering stressestrain curves of extruded alloy І (a), extruded alloy ІІ (b) and extruded alloy ІІІ (c) at different temperatures.
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Mg2Sn phase. The crystal parameter of particle B is calculated
to be about 7.107 Å, which is slightly larger than that of
Mg2Sn phase. The larger lattice parameter of the phase is
related to the distortion in the lattice of Mg2Sn phase because
of the Yb addition. It is well known that the atomic radius of
Yb (0.242 nm) is larger than that of Sn (0.141 nm) and Mg
(0.174 nm). During solidification, Yb atoms at liquidesolid
interface could segregate and poison the growth of the Mg2Sn
crystal; some of them diffuse into the Mg2Sn lattice and
enlarge the lattice parameter of the phase by lattice distortion.
The similar result is also observed in MgeSneBi alloy [25].
Furthermore, the EDS result of the particle indicates that a
small number of Yb elements exist in Mg2Sn particle (see
Table 1). Therefore, the MgeSneYb phase is recognized as
the Mg2Sn particle containing Yb that is written as
Mg2(Sn,Yb) phase.3.3. Tensile propertiesFig. 5 shows the engineering stressestrain curves of three
extruded alloys at different temperatures. The corresponding
tensile properties including the yield strength (YS), ultimateTable 2







RT 100 C 200 C RT 100 C 200 C RT 100 C 200 C
I 150 128 72 251 163 89 13 18 34
II 166 146 76 256 193 93 9 28 45
III 185 141 74 259 179 80 12 36 66tensile strength (UTS) and elongation to failure (d) are listed
in Table 2. For three extruded alloys, the YS and UTS
decrease, but the d increases with increasing testing temper-
ature from room temperature to 200 C. At room temperature,
it is found that extruded alloy III exhibits the highest tensile
strengths and available elongation to failure. The values of YS
and UTS for extruded alloy III are 185 MPa and 259 MPa,
respectively, which increase by 19% and 3% as compared with
that of extruded alloy I. The value of d (12%) for extruded
alloy III is near to that of extruded alloy I (13%). It means that
it is possible to produce the more complex components for the
present Mg sheets. However, extruded alloy II has the highest
strengths among three alloys at both 100 C and 200 C. The
vales of the YS and the UTS for extruded alloy II are 76 MPa
and 93 MPa at 200 C, respectively. Additionally, the elon-
gation to failure of extruded alloys significantly increases with
increasing Yb content at elevated temperatures (100 C and
200 C). Extruded alloy III exhibits the highest d of 66% at
200 C. This variation of the elongation to failure with testing
temperature is similar for three extruded alloys. The typical
tensile specimens of three extruded alloys before and after
tensile tests at different temperatures are shown in Fig. 6. It is
noted that the pyramid-shaped cross-section of the tensile
specimens gradually forms with increasing temperature for
three extruded alloys. The tensile specimens of extruded alloy
III appear the more obvious necking resistance than that of
extruded alloys I and II at 200 C.
The above differences in tensile properties of extruded al-
loys at RT, 100 C and 200 C can be explained in terms of
grain refinement, solution strengthening and precipitation
strengthening. Firstly, the fine grain makes dislocations more
difficultly slip due to the existence of more grain boundaries
Fig. 6. Tensile specimens of extrude alloy І (a), extruded alloy ІІ (b) and extruded alloy ІІІ (c) at different temperatures.
262 J. Jiang et al. / Journal of Magnesium and Alloys 2 (2014) 257e264during deformation [26]. Also, it can be known that the yield
strength of alloy increases with decreasing grain size accord-
ing to the Hallepatch relationship [27] (sy ¼ s0 þ kyd1/2,
where sy is the yield strength, s0 and ky are constants for a
given polycrystalline material). The effect of the grain size on
strengthening of Mg alloys is more notable than that of AlFig. 7. Fracture surfaces of extruded alloy I (a), (b) and (c), extruded alloy II (d),
respectively.alloys due to the larger ky of Mg alloys [28,29]. Secondly, the
fine particles distributed in the matrix play two roles in
improving tensile properties of extruded alloys. One is that
these particles can effectively promote the recrystallization as
nucleation sites during extrusion, leading to the grain refine-
ment of extruded alloys [22,30]. The other one is that the(e) and (f), and extruded alloy III (g), (h) and (i) at RT, 100 C and 200 C,
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a-Mg matrix could significantly block the dislocation move-
ment by the dislocation pining [31]. Thirdly, the dissolution of
Sn and RE atoms in a-Mg matrix could induce the lattice
distortion due to the atomic radius difference between Sn, RE
and Mg atoms. The stress field caused by the lattice distortion
can impede the dislocation movement and further enhance the
tensile strengths of Mg matrix [32,33]. For the present alloys,
extruded alloy III has the greatest volume fraction of Mg2Sn
and Mg2(Sn,Yb) particles, which could provide more nucle-
ation sites during recrystallization. The sufficient nucleation
sites and the smaller initial grain size in as-cast alloy III are
responsible for the more evident recrystallization. Thus,
extruded alloy III has the smallest grain size. In addition to the
limited solution strengthening of Yb and Sn in a-Mg matrix at
room temperature, the grain refinement and precipitation
strengthening roles dominate for extruded alloy III. This can
explain why extruded alloy III exhibits the highest YS and
UTS at room temperature.
The dominant roles of three strengthening mechanisms vary
with increasing testing temperature. At elevated temperature,
the grain is prone to grow because of the grain boundary
migration resulting from the enhanced atomic diffusion.
Simultaneously, these fine Mg2Sn and Mg2(Sn,Yb) particles in
a-Mg matrix become coarse with increasing temperature. This
phenomenon makes dislocation more easily to move owing to
a weak dislocation pinning ability of the particles. It cripples
the roles of grain refinement and precipitation strengthening.
In this case, the role of solid solution strengthening of Yb and
Sn in a-Mg matrix is dominant among three strengthening
mechanisms. Microstructure results of as-cast alloys indicate
that the trace Yb (0.1 at.%) is almost completely solved into a-
Mg matrix. While the content of Yb is 0.5 at.%, some
Mg2(Sn,Yb) phases precipitate at the grain boundaries, leading
to a decrement of the Sn content in a-Mg matrix. Therefore,
the role of solid solution strengthening of Sn and Yb in a-Mg
matrix reaches a maximum in extruded alloy II and signifi-
cantly increases with increasing tested temperature. Thus,
extruded alloy II exhibits the highest tensile properties at
100 C and 200 C. Additionally, some potential slip systems
such as prismatic and pyramidal slip planes are activated, and
the cross slip of dislocations is easy to take place through these
planes at high temperatures, resulting in a good ductility [34].
These explanations are further confirmed by the subsequent
fracture surface observations in Fig. 7.3.4. Fracture behaviorFig. 7 shows the SEM images of the tensile fracture sur-
faces of extruded alloys at room temperature, 100 C and
200 C. At room temperature, the fracture surface of extruded
alloy I is mainly composed of cleavage plane, cleavage step
and some minute tearing ridges, indicating that extruded alloy
I exhibits a typical cleavage morphology as shown in Fig. 7(a).
As testing temperature increases, the amount of tearing ridgesgradually increases at 100 C (Fig. 7(b)) and further some
dimples are observed on the fracture surface at 200 C
(Fig. 7(c)). These experimental results indicate that the frac-
ture mode of extruded alloy I changes from brittle mode in to
ductile mode. The similar fracture morphologies are also
observed in extruded alloys II and III (Fig. 7(d)e(i)). How-
ever, at 200 C, it is worthy noting that the dimples appear
more homogeneous and deeper in extruded alloy III than those
in extruded alloys I and II (Fig. 7(c), (f) and (i)). These above
fracture morphologies agree well with the variations of the
corresponding elongations to failure (see Fig. 5 and Table 2).
4. Conclusions
The microstructures of as-cast Mge2Sn alloy are
composed of a-Mg, eutectic (a-Mg þ Mg2Sn) phase and a
devoice Mg2Sn phase. With the addition of Yb, the grain size
of the alloy significantly decreases and some Mg2(Sn,Yb)
phases precipitate at the grain boundaries. During extrusion
these secondary phases in as-cast alloys are significantly
crushed into the fine and dispersive particles, which mainly
distribute along the direction of extrusion. The grain size of
extruded alloys is significantly refined due to the occurrence of
dynamic recrystallization. Tensile testing results indicated that
extruded Mge2Sne0.5Yb sheet exhibits the highest tensile
strengths and available elongation to failure at room temper-
ature. The yield strength, ultimate tensile strength and elon-
gation to failure are 185 MPa, 259 MPa and 12%, respectively.
However, extruded Mge2Sne0.1Yb sheet has the highest
tensile strengths at 100 C and 200 C. These differences in
the tensile properties are attributed to the different strength-
ening roles of grain refinement, solid solution strengthening
and precipitation strengthening of Mg2Sn and/or Mg2(Sn,Yb)
particles.
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